A systematic study of the coupling at room temperature between ferromagnetic resonance (FMR) and a planar resonator is presented. The chosen magnetic material is a ferrimagnetic insulator (Yttrium Iron Garnet: YIG) which is positioned on top of a stop band (notch) filter based on a stub line capacitively coupled to a 50 Ω microstrip line resonating at 4.731 GHz. Control of the magnon-photon coupling strength is discussed in terms of the microwave excitation configuration and the YIG thickness from 0.2 to 41 µm. From the latter dependence, we extract a single spin-photon coupling of g 0 /2π=162±6 mHz and a maximum of an effective coupling of 290 MHz.
I. INTRODUCTION
A recent field, known as cavity spintronics 1,2 , is emerging from the progress of spintronics combined with the advancement in Cavity Quantum Electrodynamics (QED) and Cavity Polaritons 3, 4 . Cavity QED allows the use of coherent quantum effects for quantum information processing and offers original possibilities for studying the strong interaction between light and matter in a variety of solid-state systems [5] [6] [7] . A superconducting two-level system is quantum coherently coupled to a single microwave photon and an analogy to spintronics (spin two-level system) has been made. The high spin density of the ferromagnet used in Ref. 8, 9 has made it possible to create a strongly coupled magnon mode. Magnon-photon coupling has been investigated in several experiments at room temperature where a microwave resonator (three-dimensional cavity [10] [11] [12] [13] [14] [15] [16] [17] [18] and planar configuration [19] [20] [21] ) was loaded with a ferrimagnetic insulator such as the Yttrium Iron Garnet (YIG, thin film and bulk). A study on a transition metal like Py (structured thin film) coupled with a Split Ring Resonator (SRR) was done by Gregory et al. 22 in order to demonstrate the possibility to achieve YIGtype functionalities and to overtake the working frequency limitation of YIG. More recently, L. Bai et al. 15 have developed an electrical method to detect magnons coupled with photons.
This method has been established by placing a hybrid YIG/Pt system in a microwave cavity showing distinct features not seen in any previous spin pumping experiments but already predicted by Cao et al. 23 .
II. COMPACT DESIGN DESCRIPTION
The main objective of the present paper is to demonstrate the control of a magnonphoton coupling regime at room temperature in a compact design based on a stub line coupled with a microstrip with YIG thin film. Control of a magnon-photon coupling regime in such configuration offers manifold opportunities in the development of integrated spinbased microwave applications, such as a sensitive reconfigurable stop-band filtering function.
Instead of using a Split Ring Resonator (SRR) configuration, the choice was made to study the YIG thickness dependence of the coupling regime with a stub line geometry for which the microwave excitation of the magnetic medium is simplified. Figure 1 (a) represents the sketch of the experimental setup based on the stub/YIG film system excited by a microwave signal under an in-plane static magnetic field, H, at θ=0
• . θ is defined by the angle formed between H and the stub line. P1 and P2 correspond to the 2 ports of the VNA for which a TSOM calibration were realized (including cables). The frequency range is fixed from 3 to 6 GHz at an microwave power of P=-10 dBm. The circuit is fabricated on a pre-metallized (doublesided 25 µm copper coating) ROGERS substrate (3003) presenting a relative permittivity of ε r =3 and losses tanδ=2×10 −3 (dimension are shown in Fig. 1 (b) ). The narrow stopband (notch) resonator configuration is based on a main 50 Ω microstrip line (W=1. This leads to a quality factor Q of 74. The latter definitions of the Q factor and β (used in the following discussion) are based on the expression extracted from recent studies in the field of magnon-photon coupling (2D 20,21 and 3D cavities [13] [14] [15] [16] [17] [18] ). Nevertheless, this definition does not reflect properly the electrical performances of our notch filter which are defined by 
III. RESULTS AND DISCUSSION
We first studied the magnitude of the coupling strength as a function of the position of a 9 µm YIG sample on top of the planar resonator, as shown in Fig All measurements have been carried on at room temperature on a YIG sample which presents a thickness of (9 µm). The inset shows the spatial distribution of the microwave magnetic field simulated at F 0 .
account. Contrary to a ferromagnetic conductor, such as an extended thin film of Permalloy can be used to analyze the hybridized mode frequency F 1 and F 2 in the system. Recently, Harder et al. 18 have examined the accuracy to describe the microwave transmission line shape of a cavity/YIG system through three different models: coupled harmonic oscillators, dynamic phase correlation, and microscopy theory. Here, the analysis has been focussed on the harmonic coupling model for which we can define the upper (F 2 ) and lower (F 1 ) branches by:
The FMR frequency, F r , is modelled by the Kittel equation,
describes the precession frequency of the uniform mode (without taking into account spin wave distribution) in an in-plane magnetized ferromagnetic film. The parameter k used in Eq. 1 corresponds to the coupling strength which is linked to the experimental data g eff /2π
by the following equation 18 : Fig. 2 (f In order to understand the dependence of g eff /2π on the YIG position, CST simulations were carried out in order to determine the microwave field (h MW ) generated at each position (represented in solid red line). It ends up that h MW follows exactly the same trend of the coupling factor, in agreement with the fact that the effective coupling strength depends on the mutual microwave field interaction between the FMR and the stub line. The latter dependence is defined by the following equation 9, 12 :
where γ e is the electron gyromagnetic ratio of 2π×28.04 GHz/T, µ 0 is the permeability of the Table I gives a picture of recent work on the determination and control of magnonphoton coupling regimes in SRR 20,21 and cavity [13] [14] [15] [16] [17] [18] /YIG systems. Ref. [15] [16] [17] correspond to the research field associated with the electrical detection of magnons coupled with photons via combined phenomena in a hybrid YIG/Pt system. Despite the fact that these later studies have been realized in a cavity, insertion of a hybrid stack including a highly electrical conductor induced an enhancement of the intrinsic loss rate β (factor of 5 15 to 12 16 ). The value of k obtained at the optimized position at x=0.25 λ is significantly higher than Ref.
15-18
and comparable to Ref. 13, 14, 21 but still much smaller than the value obtained by Bhoi et al. 20 .
It should be noted that the normalization of k by the intrinsic loss rate β changes the latter comparison drastically.
Next, the dependence of the coupling strength between the FMR and the notch filter was investigated with respect to the YIG thickness from 0.2 to 41 µm. YIG samples were placed at the optimized position which has been determined previously (x=0.25 λ). This particular position gives an access to the highest coupling (determined at P=-10 dBm) and presents the best compromise in terms of the electrical performance of the notch filter.
Sample position was adjusted by tracking F 0 at H=0 Oe (F 0 =4.715± 0.002 GHz). It should be noted that no dependence of the insertion rate of the resonator (β=6.89±0.01 10 −3 ) and attenuation (S11 F 0 =-2.45± 0.04 dB) have been observed with respect to the YIG thickness.
As shown in Fig. 3 (a) , we demonstrated a strong coupling regime via the anti-crossing fingerprint. A good agreement of F 1,2 based on Eq. 1 (solid lines) with experimental data is obtained for the various YIG thicknesses. The color plot in Fig. 3 The originality of this study is described in Fig. 3 (c) which represents the dependence of the effective coupling g eff /2π as a function of the square root of the YIG volume interacted with the 1 mm width microwave resonator (V=4 mm×1 mm×YIG thick µm). Cao et al. at room temperature and at x=8 mm as shown in Fig. 1 (a) .
shows that the filling factor of magnetic medium in a cavity can be used as a measure of the total number of spins, N. The large effective coupling strength is due to the large spin density of YIG, ρ s =2.1×10 mHz when the cavity is completely filled by air (ε ef f = ε r =1) which is closed to the extracted value of g 0 /2π from the fitting. Nevertheless, this value does not reflect the fact that the cavity is nonuniformly filled with other dielectric materials such as the substrate, GGG, and
YIG. An enhancement of g 0 /2π from 177 to 219 mHz can be achieved by taking into account an effective permittivity of ε ef f =2.449. The latter value is determined 27 for the notch filter loaded with a YIG film at x=0.25 λ which induced a diminution of F 0 from 4.750 to 4.715
GHz.
We have demonstrated the presence of a strong coupling regime via the anti-crossing fingerprint of the FMR from an magnetic insulator and a planar resonator. Control of the coupling with respect to the YIG thickness from 0.2 to 41 µm makes it possible the determination of the single spin photon coupling of our system at room temperature. We have found that g 0 /2π in a thin film configuration is equal to 162±6 mHz. In the meantime, we demonstrate an effective coupling strength of 290 MHz for the thicker YIG. Improvement on insertion losses of the planar resonator can be achieved in order to be more competitive regarding the 3D cavity system by changing the design of the resonator (SRR, array of SRR, enhancement of the capacitive coupling) and/or by using a low loss substrate (< 
